), den EinfluB des Vorlagezylin ders auf das MeBergebnis (Schreiber und Rudin [3] , [4] , [5) ; Skinner [6) ; Charley [7) ) und die Beziehung zwischen verallgemeinerten FlieBfunktionen und dem MFI-Wert ( 
cm 3 ). Dieses Volumen kann direkt aus der
This work reviews the characteristics of meas urement devices that influence the value of the melt index. Examples are described for which it is possible to relate the melt index to the rheological flow function. Both viscous and elastic flow charac teristics are discussed.
Introduction
In the world of thermoplas tics, the melt index is the parameter most common ly used when one attempts to describe flow behavior with a single quantity. There are three reasons for the popularity of the melt index. Measurements are relatively simple to carry out, the measuring device is inexpensive, and, most importantly, the assessment and charac terization of materials are in most cases adequate for the desired purpose.
The hazard of using a single quantity to characterize the flow behavior of polymer melts is well known by those who conduct measurements and analysis of flow functions. The continuing passionate discussion between advocates and opponents of the melt index underscores that it is a contentious issue. From such discussions it is also evident that too little information is available about the influences of the instrument characteristics and the individual flow functions on the melt index value.
Many publications have discussed specific problems related to instrument design (Knappe and Schonwald [1] , Buck and Kerk [2) ), the influence of the entry cylin der on the results (Schreiber and Rudin [3] , [4] , [5] , Skinner [6] , Charley [7) ), and the relationship between the general flow functions and the melt index value (Menges, Wortberg 
1 The Melt Index Tester
In the melt index tester (Fig.l , [13] ) a force F0 is applied to a piston using a mass, M0 . The melt index (MFI) is the mass of extrudate m (in g) that exits the test cylinder (Z) through the die (D) over a period of 10 minutes. Besides the MFI, one also obtains the volume flow index (MVI), which is the volume of material (in cm 3 ) extruded in 10 minutes. The volume of extrudate can be directly determined by the displacement of the piston. In the following examples, the influence of the sample material's density is neglected, and the MVI value is thus used to directly determine the rheological properties.
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Strictly speaking, the melt index and volume flow index only provide information about flow behavior that is analogous to that present in the melt index tester. The only definitive conclusions that can be reached con cern the amount of extrudate (in g or cm3) which is obtained under the given test conditions (including temperature, and initial mass of fluid M0) using the given experimental apparatus. Extrapolation of the results to realistic processing conditions has, in the past, been accomplished essentially based on experi ence. All numerically based extrapolations of melt index testing to other test conditions or flow process es in other flow geometries are subject to question, and should always include a qualitative and quantitative evaluation of the potential deviations between the dif ferent situations.
2 Equations for Calculating Rheological Properties Using the Melt Index Tester
The important physical properties and rheological properties when using the melt index tester include the pressure beneath the piston, p0, the shear stress at the capillary wall, -r, the volumetric flow rate, V, the shear rate at the capillary wall, y, and the viscosity, 11 . see equations (1) and (2).
The shear stress in the capillary, -r0, is calculated assuming that the pressure beneath the piston, p0, is equivalent to the pressure drop across the capillary. Table 1 The mass placed on the piston results directly in a force F0; this force is translated into several different processes during the measurement:
F1 : Friction between the piston and reservoir (unlubricated, or viscous friction of the melt).
Fz : Force for fluid transport in the reservoir. This force is dependent on the height of fluid, L(t), and the flow behavior of the melt (ll("f)). We ignore here the further division of this force (F 3 ) into entrance and exit losses, respectively [14) - [17) .
F4 : Force to overcome flow resistance within the capil lary (this force is usually (incorrectly) set equal to the total force F0) .
F5 : A combination of nearly all the hydrodynamic entrance and exit losses which would be present for a newtonian fluid with an identical viscosity.
(Hagenbach-Couette correction)
The total force, F0, is thus spent through a variety of physical processes within the melt index tester, and only a portion of the force (F4) is devoted to the pure fluid flow within the capillary (equation 7). In equations (6) and (7) the total forces involved in the melt index measurements are balanced.
Hydrodynamic Losses
Because of the high viscosity of polymer melts, even for the case of high MVI values, the Reynolds num bers, Re, for the flow in the capillary are extremely small.
Example:
Hagenbach correction: Pdyn = (pi2 ) v2 = 4,21 Pa «Po
On the basis of the small Reynolds number, the hydro dynamic losses during the MFI measurement are very small, and can therefore be neglected. F5 is thus set to zero, see eqn. (8 When the melt index is measured for a newtonian fluid (or a fluid being measured in its newtonian region), then the losses within the reservoir can be calculated using linear equations. The viscosities in the cylinder and in the capillary are equivalent, and, from the conti nuity equation (Vz = V0 = V) one can obtain the ratio of shear rates yz/yo through equation (3) with the inser tion of the appropriate diameter (D0 or Dz, from equa tion (9)).
The shear rate at the wall is thus 100 times smaller in the cylinder as in the capillary, independent of the value of the viscosity.
If the friction between the piston and the cylinder is neglected (F 1 = 0) and the elastic effects are also set to zero (F0 = 0), then the force balance reduces from equation (6) to equation (10) , and the total pressure drop can be calculated from �Pz and �Po. see eqn. (11) .
The pressure drops Mz and �Po can be calculated from equations (12) and (13), where L(t) is the time dependent height of fluid in the cylinder. From the ratio Mo/Po one obtains equation (14) .
It follows that the portion of Po that contributes to flow through the capillary depends on the height of fluid in the reservoir. Because the constant K1 is very small (= 2,90 · 10-4 mm-1 ), the pressure ratio �Po/Po is approximately unity for newtonian fluids (Fig. 4) . Equation (15) To determine the melt index viscosity llMvl, equations (2) and (5) are combined to obtain equation (16) .
The true viscosity 11 and the MVI viscosity are nearly identical for measurements in the newtonian range. The MVI viscosity MVI is always larger than the true viscosity.
Shear Thinning Behavior
Polymer melts are usually shear thinning fluids whose viscosity decreases with increasing shear rate. This problem is solved for Ostwald-de Waele fluids (power-law fluids, see equation (17)) in [1] and [7] .
Here we don't show a particular solution but rather focus on insight about the problem. If, as a first approximation, one solves for the flow in the capillary and reservoir assuming newtonian behavior (yielding apparent values), then, to calculate the pressure drops (L'.Po and L'.pz) the corresponding viscosities (Tio and Tlzl must be inserted into equations (12) and (13), respectively. The ratio of the pressure drop in the capillary to the total pressure drop (L'.Po/Pol includes, for the case of nonnewtonian fluids, the viscosity ratio Tlz/Tio. see eqn. (18) .
For fluids that exhibit significant shear thinning, the viscosity ratio Tlz/Tio is always larger than unity.
In Fig. 3 the viscosity of a very shear thinning polymer melt is shown as a function of shear rate y. For a test with a mass M0 = 5 kg, the apparent shear stress in the capillary is 'o = 4.55 · 10 4 Pa ( Table 1 ) . The curve of constant shear stress ,0 (line with a slope of -1) intersects the viscosity function at the shear rate Yo. the shear rate at the capillary wall. From equation (4), using this shear rate of y = 20 s-1 one calculates a volume flow index MVI = 10 cm 3 /1 0 min. For the case of similar flow profiles in the capillary and in the cylin der, one finds according to equation (7), that the shear rate Yz is approximately 100 times smaller than yo.
For the LOPE melt shown in Fig. 3 , one would there fore expect the viscosity in the cylinder to be 10 times greater than that in the capillary. Because Tlz is near the newtonian region and Tlo is well into the shear thin ning range, the flow profiles in the cylinder and capil lary differ considerably, leading to even further differ ences i n the viscosity values Tlz and TID (e. g. LOPE: TlziTio = 15). According to equation (18) , the ratio L'.Po/Po is smaller for a shear thinning fluid than for a newtonian fluid (because the shear thinning fluid has a higher value of TIVTID · This means that, at a constant value of p0, the value of the pressure difference L'.Po across the capillary decreases with increasing shear thinning behavior. In this case the influence of the fluid The shear rate ratio 1ol1o = 100 height L(t) increases, because the second term in the parenthesis of equation (18) increases.
In Fig. 4 the pressure ratio t.p0/p0 is shown for a new tonian fluid and for a LOPE melt as a function of fluid height. For each of the upper curves only F2 was con sidered, while for the lower curves (the dashed curves for each material) both F2 and F 1 were included. In the standard region, the pressure loss in the reservoir for the newtonian fluid is limited to 1 % (shaded area). The influence of the reservoir is much more significant for the LOPE melt. At a fluid height of L = 100 mm, 30 % of Po is spent in the cylinder. Even in the standard region from 20 < L < 50 mm the losses in the reser voir amount to 10 to 20 % of the total pressure.
Shear thinning fluids generate large dissipative losses in the cylinder, and t.p0 is always considerably smaller than Po. As a result, the shear stress -ro in the capil lary, 0, is smaller than -r0, see equation (19).
Using equation (5) one always calculates a viscosity that is too large. The influence of the reservoir alone makes the melt index tester inaccurate as a viscome ter for shear thinning fluids.
Pressure Loss in the Cylinder under Various Loads M0
With decreasing height of fluid in the reservoir, the pressure losses, t.pz, in the reservoir decrease, with a resulting increase in the effective pressure drop across the capillary, t.p0, see equations (12)- (18) . As a result, an increasing volume flow index MVI is observed, even though the load remains constant. This effect becomes more severe with increasing flow exponent, m. An increase in the load, M0, is frequently accompanied by measurements under more pro nounced shear thinning conditions. An example of this is shown in Fig. 5 for loads of M0,1 = 2.16 kg and M0,2 = 15 kg for a polymer melt at 150 o c.
In this example one finds that the ratio 11zl11o increas es from 5 to 20. With a larger applied mass M0 there is also a larger loss in the reservoir. In addition, a decreasing fluid height in the reservoir results in a strongly increasing volumetric flow (MVI).
The influence of the initial load M0 and the fluid height L on the measurement results is seen in the data shown in Fig. 6 , which depicts measurements of the volume flow index of a silicone oil (BW 400) tested using a Gi:ittfert melt index tester. The relative volume flow index MVI * (normalized by the volumetric flow at a fluid height of 75 mm) increases with increasing fluid height by approximately 20 % (for a constant load of 2.16 kg). However, when the same polymer is tested 
Viscous losses between the piston and the wall of the test cylinder
In calculating the force F2 causing fluid transport in the reservoir, the force F1 (spent on frictional losses between the piston and cylinder wall) was not consid ered. This frictional resistance can be approximated numerically for the case in which the test fluid acts as a lubricant between the piston and cylinder wall. For the estimation of this force F1 , the same assumptions were made as in the calculation of F2 : 1) newtonian behavior of the fluid in the gap; 2) neglect of secondary effects, i. e., the feedback effects on the total system. Note that the calcula tion is independent of the type of fluid being tested.
In contrast to the previous publication [1] , in this case the time-dependant process for filling the gap was also considered, i. e. the gap was not assumed to be full at the outset. Under these conditions it was found that the time required to fill the gap (for all the fluids exam ined) was on the same order as the total measured time, and thus the process is always a dynamic one.
To account for friction, an additional term must be added to equation (18) . The result is shown as equa tion (20), i n which llG is the viscosity of the fluid in the gap (which for shear thinning fluids is not identical to llol.
For the standard gap sizes of 0.05 > S > 0.025 mm, the ratio of apparent shear rates in the gap and in the capillary i'G!i'o is always smaller than unity, and thus llG > llD· The gap size S is eliminated when the dynam ic viscous resistance F1 (t) i s calculated. This occurs because the increase in the gap shear rate as the gap size decreases is exactly balanced by a decrease in the rate at which the fluid fills the gap. It is only when the gap is completely filled with fluid that the force F1 becomes a direct function of S. However, for shear thinning fluids the viscosity ratio 11G!11o is influenced by the gap size, and therefore S is indirectly included in equation (20) .
During the course of a measurement the viscous resis tance F1 (t) continuously increases due to the steadily increasing amount of fluid filling the gap. At the begin ning of a test F1 (t = 0) is equal to zero (the first term in equation 20). F1 increases during the test, while the trend for F2 is the opposite; it decreases during the measurement. Because of the resistance due to F1 , the pressure ratio i'lPo/Po does not attain unity as L(t) -7 0, as predicted by equation (18) . For the LOPE melt, the pressure ratio increases during the measurement. The increase is slower than occurs due solely to the reservoir losses (F2), and the final deviation between llPo and Po is larger than for the newtonian case. The influence of the viscous friction between the piston and cylinder wall (F1 ) is smaller than the losses in the reservoir (F2) for a shear thinning fluid. Fig. 7 shows the speed at which the gap is filled and the portion of total force F0 dissipated as viscous fric tion, both as a function of piston displacement, I. Losses in the reservoir (F1 ) and losses due to friction (F2) reduce the total pressure drop available for forc ing the fluid through the capillary. As a result, the vis cosities calculated from the melt index are systemati cally larger than the true values. Fig. 8 shows the apparent viscosities, 11 Mvl. and apparent shear rates, Y Mvl. calculated from the MVI data shown in Fig. 6 , using equations (1)- (6) compared with the true viscosi ty values, for silicone oil BW 400.
Conclusions
From the analysis provided above and the data shown in Fig. 8 , one reaches the following conclusions about the use of the melt index tester as a viscometer:
The viscosity values calculated from the melt index data are always higher than the true viscosity values.
2. With increasing initial load M0, the error increases between 11Mvl and the true viscosity. The influence of the apparatus therefore increases.
3. For larger fluid heights, L, the influence of the measurement apparatus is larger than for smaller heights. 5. Even at small values of the fluid height, one still obtains large differences between the true viscosi ty and MVI. This is due to other pressure losses resulting from the viscoelastic behavior of the poly mer melt {corresponding to F 3 ).
6. Use of the melt index tester for determining the viscosity of shear thinning and viscoelastic fluids is fraught with difficulties. �Rh
